1 Although we have referred to this enzyme as "cystathionine synthetase" in earlier publications, we are now using the designation "cystathionine synthase" to conform to the presently recommended nomenclature (11) .
Cystathionine synthase is the trivial name for the enzyme L-serine hydro-lyase (adding L-homocysteine), E.C.4.2.1. 21. have approximately half the mean control hepatic cystathionine synthase activity and thus appear to be heterozygous for the abnormal gene (13) . A paternal cousin of C.T. excretes abnormal amounts of homocystine in the urine, but is neither mentally retarded nor otherwise afflicted with clinical manifestations of the syndrome. Her hepatic cystathionine synthase activity is between that of the heterozygous parents and that of C.T. (13) . Although her genetic status is not clear, the cousin demonstrates that cystathionine synthase deficiency severe enough to cause homocystinuria does not necessarily cause mental retardation.
The concentration of cystathionine in brain tissue from patients with the typical clinical features of cystathionine synthase deficiency has been shown to be markedly lower than in brain tissue from control subjects (14, 15) . This abnormality is consistent with the concept that cystathionine synthase deficiency is the fundamental defect, since current knowledge suggests that the body's endogenous cystathionine derives exclusively from the reaction catalyzed by the synthase.
In the present study some of the metabolic consequences of cystathionine synthase deficiency were explored. Feeding methionine to normal human subjects increases urinary excretion of inorganic sulfate (16, 17) . There is abundant evidence showing that the pathway represented by reactions 1 to 6 in Figure 1 is a possible route in mammals for the conversion of the sulfur of methionine to inorganic sulfate (reviewed in references 18 and 19) . However, the evidence that this pathway is the predominant one is far less convincing. It was possible to test whether reaction 4 is an obligatory step in the pathway by feeding L-methionine and L-cysteine to control subjects and to patients with cystathionine synthase deficiency and determining their subsequent urinary excretion of inorganic NN sulfate. A patient with cystathionine synthase deficiency would be unable, or limited in his capacity, to convert the -sulfur atom of L-methionine, but not of L-cysteine, to inorganic sulfate if the following conditions were met: a) reaction 4 must indeed be a step in the major human pathway for methionine metabolism to inorganic sulfate; b) the pathway beyond reaction 4 must be intact in patients with cystathionine synthase deficiency; and c) the finding of cystathionine synthase deficiency in the liver must reflect a generalized reduction in the body's ability to convert homocysteine to cystathionine. The results suggest that all three conditions are met.
Methods
Clinical. The control subjects appeared to be in good health and were evaluated by a medical history, physical examination, and laboratory tests. They included five normal volunteers and S.M., the maternal grandmother of C.T., whose hepatic cystathionine synthase activity has been shown to be within the range of control values (13) . Urine from each control subject gave a negative reaction with the cyanide-nitroprusside test (20) , which has been used to screen for homocystinuria (4, 6) . The patients with cystathionine synthase deficiency, C.T. and M.A.G., have been briefly described elsewhere (12, 13) , and detailed case reports will be published (21) .
The subjects received constant diets low in methionine and cystine. Food was prepared and served under the supervision of a dietician trained in techniques of metabolic balance studies. Values for daily intake of methionine and cystine in the diet were calculated from published tables (22) . Each subject's body weight remained essentially unchanged during a study.
L-Methionine2 and L-Cysteine 2 were made up in gelatin capsules, each containing 0.25 g of amino acid. When an amino acid was fed repeatedly for several days, the total daily intake was divided into four doses. When a single dose was given, the subject was fasted from 10 p.m. the previous night, the amino acid was administered at 8 a.m., and breakfast was fed at 9 a.m.
Urine specimens were refrigerated immediately after they were passed and were preserved with toluene. The specimens were pooled and frozen at the end of a collection period (duration, 24 hours or fractions thereof).
Analytical. Results Prolonged feeding of L-lnethionine or L-cysteine. The results of a typical study of a control subject are shown in Figure 2 . The dietary intake of methionine and cystine was constant during the 27-day study. The first 3 days were control days; during days 4 to 6, when the subject received supplementary L-cysteine, his urinary excretion of inorganic sulfate rose promptly and remained elevated throughout this period. During days 10 to 12 he received supplementary L-methionine, and patients are below the curves established for the control subjects, regardless of whether the data are expressed in terms of body weight, as shown in Figure 5 , or in terms of body surface area, and regardless of whether the first or second day of L-methionine supplementation is considered. Thus, each patient with cystathionine synthase deficiency fails to excrete as much inorganic sulfate in response to an increase in methionine intake as do control subjects, and appears, therefore, to have a reduced capacity to catabolize L-methionine to inorganic sulfate. In contrast, the responses of the two patients with cystathionine synthase deficiency to the supplementary administration of L-cysteine did not differ significantly from those of the control subjects ( Figures 2 to 4) . In both the patients and the control subjects there was a rapid and significant increase in urinary excretion of inorganic sulfate after an increase in intake of L-cysteine. A graphic analysis of the dose-response relationship for L-cysteine, analogous to the one described for L-methionine, is presented in Figure 6 . The values for urinary excretion of inorganic sulfate by C.T. and M.A.G. during both the first and second days of L-cysteine supplementation are within the control range. Thus, under the conditions of this study the ability of each of these patients to increase urinary excretion of inorganic sulfate in response to a dose of L-cysteine is not impaired.
One possible explanation for the reduced capacity of the patients with cystathionine synthase deficiency to increase urinary excretion of inorganic sulfate after an increase in the dose of L-methionine is that their intestinal absorption of L-methionine is impaired. To explore this possibility we determined the concentration of methionine and its sulfoxide in the plasma of C.T. before and after a period during which she received supplementary L-methionine. On day 14 ( Figure 3 ) there were 8 jAmoles per 100 ml of methionine in her plasma and only a trace of methionine sulfoxide, whereas on day 23, after she had received supplementary L-methionine for 3 days, the concentration of methionine in her plasma had increased to 135 Mmoles per 100 ml, and there was 57 Mmoles of methionine sulfoxide per 100 ml. Comparable values for a study of a control subject were methionine, 2, and methionine sulfoxide, 0, ,moles per 100 ml of plasma before the administration of L-methionine; and methionine, 2, and methionine sulfoxide, trace, Lmoles per 100 ml of plasma after 4 days of L-methionine supplementation. These findings show that the L-methionine had been absorbed by C.T. and had accumulated in her body fluids.
The two patients with cystathionine synthase deficiency differed from the control subjects not only in the magnitude of their responses to an increase in the intake of L-methionine, but also in the pattern of their responses to the omission of the supplementary L-methionine. On each of the days that the L-methionine supplement was first discontinued, the control subjects excreted less inorganic sulfate in the urine than they had excreted during the last day of feeding the supplementary L-methionine, whereas C. the first day of L-methionine omission. These observations suggest that there was a delayed, but depressed, response to the administration of supplementary L-methionine in the patients with cystathionine synthase deficiency.
Response to a single dose of L-methionine or L-cysteine. Although assays of liver biopsy specimens have indicated that E.T. and L.T., the parents of C.T., are heterozygous for cystathionine synthase deficiency (13), they neither excrete abnormal amounts of homocystine in the urine, nor present clinical features of the syndrome associated with this deficiency. The response to a single dose of L-methionine was studied to learn whether it would provide a practical clinical means of detecting heterozygous subjects such as the parents.
The impaired ability of the homozygous patient, C.T., to metabolize L-methionine to inorganic sulfate is reflected not only in her response to the chronic administration of L-methionine, described above, but also in her response to a single dose of L-methionine (day 52, Figure 3 ). Her urinary excretion of inorganic sulfate on the date she received the single dose rose only slightly and to a much lesser extent than that of the control subjects. Figure 7 is a graph of the relationship between size of the single dose of L-methionine and the increment in 24-hour excretion of urinary inorganic sulfate. The value for C.T. is far below the control range.
Despite their partial reductions in hepatic cystathionine synthase activity, E.T. and L.T. responded to single doses of L-methionine in the same manner as the control subjects ( Figure 7 ).
The results of repeat tests of the parents were almost identical, and studies at two dosage levels failed to differentiate them from control subjects. The possibility was explored that measurement of the urinary excretion of inorganic sulfate during the early time periods after ingestion of L-methionine (0 to 5, 5 to 8, 8 to 16, and 16 to 24 hours) might prove to be a more sensitive test of a metabolic difference between the heterozygous parents and the control subjects, but once again the results for the two groups were indistinguishable.
During studies of three control subjects and of E.T. and L.T. the rate of excretion of inorganic sulfate after a single dose of L-cysteine consistently reached a maximal value at an earlier time than it did after a single dose of L-methionine ( Figure  8 ). This observation is compatible with the possibility that one of the reactions between methionine and cysteine (Figure 1 ) is rate limiting for the over-all pathway from methionine to inorganic sulfate. That the delayed conversion of L-methionine to urinary inorganic sulfate is not attributable to delayed intestinal absorption of the amino acid is suggested by the finding that when a normal volunteer was fed the same dose of L-methionine that was used in the studies referred to in Figure  8 '70~~0* does is in keeping with the formulation that the fundamental defect underlying homocystinuria is a block at reaction 4 ( Figure 1 ). One might expect, too, that a patient with this inborn error would excrete a rather large fraction of the sulfur of his dietary methionine as homocystine. This is not the case. When C.T eats an average diet, with a daily methionine content of approximately 7 to 14 mmoles, she usually excretes an amount of homocystine in her urine that is equivalent to only about 0.4 to 0.5 mmole of sulfur. Because * The value for sulfur as urinary amino acids was calculated from the peaks observed in column chromatograms, which were regarded as corresponding to cysteic acid, taurine, methionine sulfoxide, cystine, cystathionine, methionine, mixed disulfide of homocysteine and cysteine, and glutathione.
t The value for neutral sulfur in unidentified chemical form was obtained by subtracting the value for sulfur in the form of amino acids (see previous footnote) from the value for the total amount of neutral sulfur in the urine.
$ Bound methionine represents methionine liberated by acid hydrolysis.
methionine to learn whether C.T. excretes in her urine metabolites of methionine or of homocysteine that are usually absent from or present only in trace amounts in the urine of control subjects. The sulfur-containing compounds in urine that we identified by ion exchange column chromatography are listed in a footnote to Table I . The excretion of these compounds was measured for selected days from the studies of C.T. and the control subjects, T.H. and J.R.McC. Administration of supplementary L-methionine to C.T. in the doses shown did not significantly increase her urinary excretion of homocystine or of the mixed disulfide of homocysteine and cysteine. Others have also noted that no more than a small fraction of a load of homocystine or methionine is excreted as homocystine by homocystinuric subjects (4, 6, 9) , but the explanation of this finding is not apparent. During L-methionine administration C.T. excreted an average of only 0.1 mmole of homocystine daily. After oral administration of Lmethionine, C.T. and the two control subjects increased their urinary excretion of methionine and of methionine sulfoxide to approximately the same extent. Methionine excretion rose from about 0.02 to an average of about 0.20 mmole per day, and methionine sulfoxide excretion rose from undetectable levels to an average of about 0.25 mmole per day. Thus, the amount of these two compounds excreted fails to balance the discrepancy between the intake of methionine sulfur and the amount of urinary sulfate in C.T.
The urinary excretion of excess methionine by the control subjects stopped within about 2 days of discontinuation of L-methionine supplementation, but C.T. continued to excrete increased amounts of methionine and its sulfoxide in her urine for about 10 days after L-methionine supplementation was stopped on day 24 ( Figure 3) .
When the amounts of inorganic and ethereal sulfates are subtracted from the total sulfur of the urine, the difference is termed neutral sulfur. This value includes sulfur as the compounds identified with the amino acid analyzer and remaining sulfur in unidentified form. The latter is designated unidentified neutral sulfur. The value for neutral sulfur is obtained by subtraction of one large number from another, and the precision of the determinations is such that at times negative, meaningless values may be obtained. Despite this shortcoming of the method, the data in Table I do suggest that C.T. excretes relatively large amounts of sulfur as one or more unidentified compounds in the urine when she receives Lmethionine, whereas the control subjects do not. Thus, the excretion of unidentified neutral sulfur by the control subjects was no higher during the periods of L-methionine supplementation than during control periods, but C.T. excreted an additional 2 to 3 mmoles of unidentified neutral sulfur when she was given supplementary L-methionine.
To explore the chemical form of the excess urinary unidentified neutral sulfur excreted by C.T. after she received L-methionine, we measured the amount of urinary methionine present in bound form. Samples of urine were evaporated to dryness; 20 ml of constant-boiling HCl was added for each 10 ml of urine originally present; and the solution was heated at 1100 C for 24 hours, evaporated to dryness, brought to pH 2.2, and analyzed for its amino acid content. Methionine liberated by such acid hydrolysis represents bound methionine, and the amounts detected are listed in the last column of Table I The urine collected during days 1, 9, and 23 of C.T.'s study (Figure 3) was analyzed for the a-keto analogue of methionine, a-keto-y-methiobutyrate (26) . No a-keto-y-methiobutyrate was found in the urine collected during day 1 (control period) and day 9 (period of L-cysteine administration), and 0.16 mmole was detected in the urine excreted on day 23. Thus, the a-keto-y-methiobutyrate does not account for a major portion of the unidentified neutral sulfur in the urine of C.T.
The amino acid chromatograms of the urine passed by C.T. during the period when L-methionine was administered revealed several as yet unidentified peaks that were not present in the chromatograms of the urine collected during any other periods.
Discussion
The nature of the enzymatic defect responsible for the clinical syndrome associated with homocystinuria appears to have been firmly established.
The direct evidence that cystathionine synthase activity is deficient (12, 13) has recently been supplemented by demonstrations (14, 15) that the concentration of cystathionine in brain tissue from homocystinuric patients is markedly-lower than it is in brain tissue from control subjects. Many of the other enzymes involved in the metabolism-of the sulfur amino acids [reactions 1 and 5, Figure  1 (12, 13, 27) and reactions 7 and 9 (14) ] are unchanged in this condition.. The evidence presented in this paper of the normal capacity of such patients to convert the sulfur of L-cysteine to inorganic sulfate suggests that cystathionine synthase deficiency is not accompanied by a significant alteration in the activity of the enzymes beyond reaction 5.
Earlier studies (17) (18) (19) have established that the conversion of methionine to inorganic sulfate by mammals can occur via the sequence of reactions 1 to 6, but the evidence that this is a major or obligatory pathway is less conclusive. Theoretically other known biochemical reactions can constitute alternative pathways, and the relative contributions of these possible pathways of methionine metabolism in normal man have not yet been fully assessed. The results of the present study indicate that patients whose deficiency of cystathionine synthase activity is such that they excrete abnormal amounts of homocystine in the urine have a reduced capacity to form inorganic sulfate from orally administered L-methionine. We interpret this finding as evidence that cystathionine synthesis is an obligatory reaction in the conversion of methionine to sulfate in man.
The finding also suggests that the deficiency of cystathionine synthase activity detected in the liver is associated with a generalized reduction in the body's capacity to convert homocysteine to cystathionine. Evidence from other studies (27, 28) indicates that two factors lead to this generalized reduction: a) the liver is the dominant site of cystathionine synthesis; and b) the enzyme defect is present in other tissues. Assays of rat and monkey tissues demonstrated cystathionine synthase activity to be present in the liver, brain; and pancreas (27) . There was activity in rat kidney but not in monkey kidney. The relatively high concentration of cystathionine synthase activity in the liver and the size of this organ combine to make it the major site of mammalian cysta-thionine synthesis. Thus, an isolated hepatic defect would probably result in a marked reduction in the body's capacity to form cystathionine. However, post-mortem brain tissue from a patient with homocystinuria had a specific defect in cystathionine synthase (28) , suggesting that the enzymatic defect first discovered in hepatic tissue also involves other organs.
The two patients with cystathionine synthase deficiency were able to convert some L-methionine to inorganic sulfate (Figures 3 to 5 ). This small degree of conversion could be due either to the presence in these patients of residual cystathionine synthase activity sufficient to achieve the observed conversion or to the existence of an alternative pathway for methionine metabolism. The data presented in Figure 5 establish that the normal subject can convert at least 0.85 mmole of methionine per kg per day to inorganic sulfate. Therefore, a patient with 12% of the mean control hepatic cystathionine synthase activity, such as M.A.G. (13) , should be able to convert at least 0.1 mmole per kg per day. Thus, it seems reasonable to attribute the ability of the two patients to increase urinary excretion of inorganic sulfate after the administration of L-methionine to their residual cystathionine synthase activity.
The present studies reveal that patients with cystathionine synthase deficiency retain abnormal amounts of ingested methionine. During the studies described in Table I , C.T. excreted in the urine an average of only 20%o of the sulfur contained in her L-methionine supplement, whereas T.H. and J.R.McC. excreted 58 and 90%o, respectively. Furthermore, she accumulated abnormal amounts of methionine and methionine sulfoxide in the plasma and continued to excrete large quantities of these two compounds in the urine for an abnormally long time after supplementary L-methionine had been discontinued. This evidence also suggests that during the period of L-methionine supplementation C.T. was in abnormally positive sulfur balance, although this conclusion can be confirmed only by complete balance determinations. The chemical form and the tissue in which methionine is stored and the cause of the prolonged retention must be explained.
Although attention has been focused-mainly on the urinary excretion of homocystine in cystathionine synthase deficiency, the data presented in Table I indicate that homocystine is not necessarily the most abundant abnormal sulfur-containing compound in the urine. During day 23 of C.T.'s study she excreted 0.12 mmole of homocystine, 0.34 mmole of methionine, 0.48 mmole of methionine sulfoxide, 0.86 mmole of bound methionine, and 4.0 mmoles of unidentified neutral sulfur. Although the amounts of methionine and its sulfoxide were not significantly greater than the values observed in studies of control subjects, the amounts of bound methionine and unidentified neutral sulfur were distinctly abnormal. These values emphasize the extent to which the amount of unidentified neutral sulfur exceeds that of the sulfur in known amino acids. Attempts to determine the chemical nature of the unidentified neutral sulfur are now in progress. Summary 1. Patients with homocystinuria due to cystathionine synthase deficiency have an impaired capacity to convert the sulfur of orally administered L-methionine, but not L-cysteine, to urinary inorganic sulfate. This observation suggests that cystathionine formation is an obligatory step in human catabolism of methionine to inorganic sulfate.
2. The patients were able to convert a small amount of L-methionine to inorganic sulfate. This limited catabolism may be due to their residual hepatic cystathionine synthase activity.
3. The urinary excretion of inorganic sulfate after the administration of a single dose of Lmethionine distinguished the homozygote for cystathionine synthase deficiency from control subjects. The responses of two heterozygous subjects were within the control range.
4. During the administration of L-methionine to a patient with cystathionine synthase deficiency the urinary excretion of homocystine did not increase markedly. Abnormal amounts of methionine and methionine sulfoxide accumulated in the plasma, and these compounds were excreted in large quantities in the urine for an abnormally long time after L-methionine supplementation had been discontinued. 5 . Homocystine is not necessarily the most abundant abnormal sulfur-containing compound in the urine of these patients. During L-methionine supplementation excessive amounts of bound meth-ionine and of unidentified neutral sulfur were detected in the urine. Their quantities exceeded that of the homocystine.
